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Aerosols particles may serve as cloud condensation nuclei (CCN) and therefore play
an important role in modulating cloud microphysics, to the point where convective storm
intensity may be altered. The purpose of this study is to determine the impacts of biomass
burning aerosols on convective storms over the Great Plains, especially the southern
Great Plains, and to show synoptic regimes characterizing differing aerosol
concentrations. A new technique to identify days with a high concentration of biomass
burning aerosols was developed by using organic carbon, potassium, zinc, and bromine
as the predominant tracers. An eleven-year climatology (2002-2012) for the biomass
burning tracers was produced to identify days on which biomass burning particles were
present, and an average concentration of these tracers was obtained from two different
sensors in western Oklahoma: Ellis and Wichita Mountains. Once prevalence of biomass
burning particles was identified for each day, days were classified into high (upper 30%),
medium (middle 40%), and low (lowest 30%) biomass burning particle concentration.
Only March through June was considered since this is climatologically the convective
season in the Southern Great Plains. Days with severe thunderstorms and with similar

thermodynamic (CAPE) and kinematic (shear) environments were chosen as case study
days, from which storm report data were obtained and compared. Additionally, composite
synoptic regime and a set of trajectories were obtained for each aerosol concentration
category. Lastly, differential reflectivity and correlation coefficient values were examined
to compare the microphysics of thunderstorms occurring on days of different aerosol
concentration. Case studies of High Plains and Oklahoma storms were examined. This
study is one of the first observational studies to examine aerosol effects on convective
storms in the Great Plains region.
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1. Introduction
Depending on supersaturation and particle size, aerosol particles can act as cloud
condensation nuclei (CCN) and may therefore alter cloud microphysics (e.g., Rose et al.
2010). Clouds forming in regions of high CCN concentration have been observed to
contain higher concentration of small cloud droplets (Twomey 1974), suppressing
precipitation and delaying the warm-rain process. This increases cloud water content,
leading to higher liquid droplet and ice crystal number concentration, which enhances
latent heat release and helps invigorate convection (Rosenfeld 1999; Andreae et al. 2004;
Lin et al. 2006; Yuan et al. 2011; Rosenfeld and Bell 2011).
Even though many studies have examined the effects of aerosols on convective
invigoration, there have been few detailed observational studies performed over the Great
Plains of the United States, one of the most active convective regions in the world.
Therefore, we seek to provide a preliminary observational study of aerosol effects on
convection over the Great Plains, using storm reports and radar data.
A major source of aerosols reaching the Southern Great Plains is from the emission of
biomass burning particles from wildfires in Central America, especially southern Mexico
and the Yucatan Peninsula. These wildfires are common during the northern tropical dry
season which runs from March to early June (Reid et al. 2004; Wang et al. 2006). Wang
et al. (2009) reported that the ideal synoptic conditions needed to transport smoke
particles into the Southern Great Plains from this source region include strong southerly
airflow from the Gulf of Mexico at low-levels, produced in the presence of an
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approaching mid-latitude trough carrying a southward-moving cold front along with a
Bermuda high to the east. In this study, we seek to provide a detailed analysis of the
synoptic patterns and parcel path trajectories most common during days characterized by
different aerosol concentrations.
As many have hypothesized, aerosols play an important role in modulating the cloud
microphysics. No previous studies have looked at microphysical differences in
thunderstorms between days of significantly different aerosol concentration for midlatitude locations. Therefore, we seek to describe the differences in the microphysics of
storms using polarimetric radar data by examining both High Plains and Southern Plains
cases.
Chapter 2 provides relevant background information applicable for this study. In
chapter 3, the data and methodology used to obtain the results are discussed. Chapter 4
examines how the distribution of storm reports changes as a function of aerosol
concentration. Chapter 5 provides a presentation of the overall synoptic regimes and
parcel path trajectories leading up to days of different aerosol concentration. Chapter 6
provides an overview of microphysical differences in thunderstorms from days of
different aerosol concentration, while chapter 7 provides an overview of the most
important conclusions of this study.
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1. Background
I. Source Region of Biomass Burning Particles in the Southern Great Plains
A major source of aerosols reaching the Southern Great Plains is from the emission of
biomass burning particles from the wildfires of Central America, especially the Yucatan
Peninsula. Wang et al. (2006) found that smoke particles from wildfires in Mexico
produced a 40-60% increase in the monthly average of particulate matter with diameter
2.5 micrometers or less (PM2.5) concentration over east and south Texas during April
and May of 2003. Wang et al. (2009) reported that smoke particle transport from the
Yucatan Peninsula into the Southern Great Plains is facilitated by having strong southerly
airflow from the Gulf of Mexico at low levels, which is produced in the presence of an
approaching mid-latitude trough along with a Bermuda high to the east. This combination
of the approaching mid-latitude trough with Bermuda high helps to intensify the warm
conveyor belt, which acts as a forcing mechanism for convection initiation (Wang et al.
2009). The warm conveyor belt can also act as lifting mechanism for smoke particles to
be transported from the boundary layer to the free troposphere (Fig. 2.1). Even in the
absence of long-range transport, aerosol concentration in the Southern Great Plains could
also be high due to local wildfires and duststorms occurring during dry years.
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II. Aerosol Effects on Storm Invigoration
Not all aerosol particles can effectively serve as CCN. Rose et al. (2010) measured
CCN particles in polluted air and biomass burning smoke for a one-month period at a
rural site in southeastern China. They found that particles in polluted air and biomass
burning smoke being effective CCN depended on the water vapor supersaturation (S) and
aerosol particle size. The higher S was, the higher the CCN number concentration (from
1000 cm-3 at S = 0.068% to 16000 cm-3 at S = 1.27%). A lower S required larger particle
sizes for activation.
Aerosols have been hypothesized to have significant effects on clouds, including
invigoration. Bell et al. (2008) examined this effect by providing evidence that a
midweek increase in rainfall during the summer months resulted from a midweek
maximum in aerosol concentration. By examining EPA measurements of PM2.5 or 10
micrometers or less (PM10), they found a midweek peak of these particulates over the
southeastern U.S. By using the Tropical Rainfall Measuring Mission (TRMM) satellite
estimates of rainfall, a midweek peak in rainfall and cloud top height in thunderstorms
was found, mainly over the southeastern U.S., which was statistically significant relative
to weekends. Bell et al. (2008) define storm height as the height of the highest point of
the radar beam with a detectable return (~17-18 dBZ) measured relative to sea-level.
Using the NCEP reanalysis data, a weekly cycle of convergence at 1000 hPa, upward
vertical motion, and divergence at 300 hPa was noted. As a follow-up to this study, Bell
et al. (2009) looked into the weekly cycle of lightning during the summer months (June to
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August) from 1998-2006 to examine if the same pattern were noted. A weekly cycle of
lightning activity was noted over the southeastern U.S., and this cycle was more notable
during the afternoon when convective potential is highest. In addition, Bell et al. (2009)
examined whether this weekly cycle of lightning activity was due to a weekly modulation
of the synoptic pattern, and no strong evidence was found. Rosenfeld and Bell (2011)
examined whether the same pattern noted with rain and storm heights (Bell et al. 2008)
and lightning (Bell et al. 2009) was evident with tornadoes and hailstorms. Using tornado
and hail reports from 1995-2009 during the months of June through August east of
100°W, they found a weekly cycle of tornadoes and hailstorms, which coincided with the
weekly aerosol cycle. Lerach et al. (2008) performed numerical simulations of an
idealized supercell thunderstorm to study the effects of increased aerosol concentration
on tornadogenesis using a two-moment bulk microphysics scheme. It was found that the
polluted environment produced a longer-lived supercell with a well-defined rear flank
downdraft and a tornado-like vortex of EF-1 intensity. Lerach et al. (2008) argued that
higher aerosol concentration reduced the warm and cold rain process within the rear-flank
and forward-flank downdraft, reducing precipitation rates. A low evaporative cooling rate
produced a weaker cool pool that did not surge outward, allowing for the low-level
mesocyclone and the near-surface vorticity produced by the rear flank downdraft gust
front to remain vertically-stacked. Along the same lines, Learch and Cotton (2012)
compared aerosol and low-level moisture influences on supercell tornadogenesis using
three-dimensional idealized simulations. It was found that the polluted scenario was
associated with weaker cold pools and less negative buoyant air within the rear-flank

6

downdraft as the raindrop and hail concentrations were reduced, which would prove to
more favorable for tornadogenesis. Learch and Cotton (2012) argued, however, that even
though an aerosol effect was evident that low-level moisture quantity and instability had
far greater effects on tornadogenesis. Khain et al. (2010) performed a study, using a bin
microphysical modeling scheme, of the impacts of CCN concentration on hail size. An
increase in hail mass and size was noted as CCN concentration increased. Khain et al.
(2010) proposed that the mechanism favoring this result was an increase in CCN
concentration leading to an increase in supercooled water aloft, increasing riming
efficiency. This leads to the formation of larger graupel and hail particles.
A major fire episode occurred over Mexico during the spring of 1998 and smoke was
transported northward into the U.S. Great Plains and southern Canada. Lyons et al.
(1998) found that smoke from these fires appeared to have a substantial effect on the
electrical characteristics of thunderstorms occurring over the Great Plains. It was found
that the percentage of positive cloud-to-ground lightning within thunderstorms increased
substantially during the spring of 1998, with the greatest increase noted during mid-May
when the smoke concentration was at its greatest (Fig. 2.2). The large increase in positive
cloud-to-ground lightning is most likely due to greater number concentration of ice
crystals aloft. It has been hypothesized that greater aerosol concentration leads to small
cloud droplets, delaying the warm rain process and allowing more cloud water to be
transported vertically to form a higher number concentration of liquid droplets and ice
crystals aloft (Rosenfeld 1999; Andreae et al. 2004; Lin et al. 2006; Wang et al. 2009;
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Rosenfeld and Bell 2011). Yuan et al. (2011) found an increase in lightning activity
during 2005 in the West Pacific east of the Philippines. This was the same year that
volcanic activity was noted in the region, causing increased aerosol loading. Using the
Moderate Resolution Imaging Spectroradiometer (MODIS), it was concluded that a 60%
increase in aerosol loading due to volcanic activity led to a 150% increase in lightning
activity as noted by the Lightning Imaging Sensor aboard the TRMM. It was noted that
this dramatic increase in lightning activity in 2005 was neither a result of an interannual
variability of large-scale synoptic conditions or a result of a few extreme active periods
during the year. Yuan et al. (2011) also found that the glaciation temperature in 2005 was
the coldest of all the years and 8°C colder than the warmest year, translating to a 1-2 km
height increase in the glaciation level.

III. Aerosol Loading Effects on Cloud Microphysics
In recent decades, several studies have looked at the effects of aerosol loading on cloud
microphysics. Twomey (1974) argued that an increase in air pollution caused a
significant increase in cloud condensation nuclei (CCN) and cloud albedo. It was also
noted that CCN concentration was noticeably lower over the ocean where air pollution
concentration was lower. Albrecht (1989) reported from measurements obtained from
aircraft flying through horizontal homogeneous oceanic clouds that an inverse
relationship existed between droplet concentration and mean volume radius (Fig. 2.3).
Kauffman et al. (2005) examined four different regions of the Atlantic Ocean to
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investigate the effects of air pollution on shallow cloud development. Using MODIS to
track aerosol concentration, it was found that as the aerosol optical thickness increased,
the stratiform cloud coverage increased and the cloud droplet radius decreased.
Furthermore, Yuan et al. (2011) found that in 2005, during volcanic activity in the West
Pacific east of the Philippines when aerosol thickness increased by 60%, droplet radius
inside deep convective storm clouds was about 2 micrometers lower compared to other
years.
Several studies have examined the effects of aerosol loading on suppressing
precipitation until cloud tops reach significantly higher altitudes. Rosenfeld (1999) used
TRMM satellite observations and noted that smoke from forest fires in Indonesia may
inhibit rainfall. Observations were compared between clouds in a smoky environment and
clouds in a clean environment. Using the droplet radius threshold for precipitation
formation as 14 micrometers, Rosenfeld (1999) observed that the threshold for the clouds
in the clean environment was achieved at -8°C while with clouds in the smoky
environment the threshold was achieved at -12°C. This was an indication that
precipitation in the smoky environment was suppressed until the cloud tops reached a
higher altitude. Rosenfeld (1999) argued that the reason for this difference was that
smoke-filled clouds have droplets small enough to not coalesce into precipitation until
reaching higher altitudes. Battan and Braham (1956) compared radar echoes of oceanic
vs. continental clouds by examining oceanic clouds off the coast of Puerto Rico and
continental clouds in the central U.S. They noted that radar echoes first appeared from
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oceanic clouds with tops as low of 2000 m, whereas radar echoes first appeared from the
continental clouds with substantially higher cloud tops, 4000 m.
Li et al. (2011) examined the impacts of aerosols on the vertical development of
clouds and precipitation using a 10-year dataset of cloud, aerosol, and meteorological
variables collected in the Southern Great Plains region. All of these observations were
ingested into the Weather Research and Forecasting Model (WRF) that was coupled with
a spectral-bin microphysics scheme (see Li et al. 2011) and simulations were performed.
Mixed-phase clouds (containing both liquid water and ice) with a warm base (cloud base
temperature greater than 15°C) had a lower cloud top temperature as CCN concentration
increased. This trend was more noticeable during the summer, when cloud bases tend to
be warm. Cloud thickness during the summer also increased as CCN concentration
increased. Rainfall frequency and amount were also higher with higher CCN
concentration.
Khain et al. (2005) examined the aerosol effects on the dynamics and microphysics of
deep convection by comparing a maritime and a continental environment with the
assumption that a continental environment contains a higher aerosol concentration due to
a higher CCN concentration. They found that since droplet size is smaller in continental
clouds, the collision efficiency is not as great so droplets ascend to higher levels within
the cloud. Therefore, more droplets are able to freeze, increasing the latent heat release
aloft, which increases the updraft strength. In this experiment, Khain et al. (2005) also
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found an increase in downdraft strength in continental clouds due to greater sublimation
of ice and evaporation of droplets.
More recent modeling results have been obtained on the effect of aerosol variability on
convective microphysics. Mansell and Ziegler (2013) examined the effects of aerosols on
simulated storm electrification using a two-moment bulk microphysics model. It was
found that as CCN concentration increased from 50 to about 2000 cm-3, graupel
production and lightning activity increased. Storer and Van den Heever (2013) examined
the effects of aerosol on the microphysics of tropical deep convective clouds. It was
found that in the polluted simulations, more deep convective clouds, wider storms, higher
cloud tops, and more convective precipitation was common. It was also found that in the
polluted simulations more extreme values of vertical velocity were observed, however, a
decrease in updraft strength was also observed in cloud tops greater than 6 km. Storer and
Van den Heever (2013) argued that the reason that updraft strength may have decreased
in cloud with tops greater than 6 km is that at this point condensate loading becomes a
factor to the point of reducing the updraft strength. May et al. (2011) examined the
impacts of aerosols on drop size distributions in tropical thunderstorms occurring in the
islands north of Darwin, Australia using polarimetric radar observations. It was found
that in high aerosol concentration regimes, there was a smaller number concentration of
larger drops.
Many studies have shown that the effects of aerosols on precipitation depend on the
relative humidity within the cloud environment. An increase in aerosol concentration
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increases both the generation and loss of condensate mass (Khain et al. 2008). In a cloud
environment with high relative humidity, aerosols tend to produce an increase in
precipitation (Khain et al. 2005, 2008; Lynn et al. 2005, 2007; Tao et al. 2007), while in a
cloud environment with a lower relative humidity, increasing aerosol concentration tends
to produce a decrease in precipitation (Givati and Rosenfeld 2004; Jirak and Cotton 2006;
Lynn et al. 2007). In an environment with high relative humidity, condensate production
is increased, leading to increased precipitation. In an environment with lower relative
humidity, condensate production is reduced, leading to decreased precipitation.

IV. Recent Controversy Surrounding Aerosol Effects on Cloud Microphysics
The Rosenfeld and Bell (2011) paper on the weekly cycle of tornadoes and hailstorms
initiated a lively debate in the severe storms community. Yuter et al. (2013) argued that
the conclusion of Rosenfeld and Bell (2011) that aerosols can influence tornadoes and
hailstorms is not applicable for supercell thunderstorms. It was argued that due to the
complexity of supercell thunderstorms, it was inconclusive to link aerosols to the outflow
temperature near a tornado. Since the bounded weak echo region (BWER) of a supercell
is usually a region where the strongest updrafts tend to reside and where the radar
reflectivity is a minimum, Yuter et al. (2013) argued that supercell updrafts have little
time for droplet growth and that the conditions needed to obtain large supercooled liquid
water content for hail growth is present even without the need to invoke any aerosol
influences. In a response, Rosenfeld and Bell (2013) argued that the arguments of Yuter
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et al. (2013) on the lack of precipitation in the BWER are irrelevant as aerosols control
the formation of most of the precipitation embryos and therefore their accretion
efficiency with cloud drops as cloud drop sizes are being modulated by aerosols. Yuter et
al. (2013) argued that the conclusion of Rosenfeld and Bell (2011) on hail size is an oversimplification of the understanding of the bulk hail population as hailstones take on
several trajectories within supercells. Even though model simulations have found that hail
mass and hail diameter increases as CCN concentration increases using bin microphysics
and the opposite situation occurs using bulk microphysics, Yuter et al. (2013) argued that
the effects of aerosol on hail size is unpredictable due to the complexity of hailstone
growth. Rosenfeld and Bell (2013) argued, however, that if a model is run using bulk
microphysics that it would not be able to fully capture the size distributions of the various
cloud and hydrometer species as argued by Khain et al. (2010). Yuter et al. (2013) also
argued based on theory and experimental data for hailstone embryo growth performed by
Cober and List (1993) that smaller cloud droplets have significantly smaller collection
efficiencies, making it more difficult for hailstones to grow in diameter, which Rosenfeld
and Bell (2013) argued was due to less physically-based numerical calculations. This
research will seek to present additional evidence for or against aerosol invigoration of
deep convection by showing additional observational data from which the presence or
absence of an aerosol effect may be assessed.
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Figure 2.1: Wang et al. (2009) conceptual model of the synoptic regime most favorable
for the transport of smoke particles from the Yucatan Peninsula and interact with storm
clouds over the south-central U.S.
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Figure 2.2: Lyons et al. (1998) map showing the percentage of positive cloud to ground
lightning strikes within thunderstorms.
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Figure 2.3: Albrecht (1989) figure showing the relationship between droplet concentration and
mean volume radius produced from measurements obtained in horizontal homogeneous clouds
ranging in depth from 150 m to 500 m in June and July of 1987 at 400 to 500 km southwest of
Los Angeles, CA. The shaded circles and squares represent where drizzle and heavy drizzle was
observed respectively.
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3. Methodology
I. Biomass Burning Particle Identification
Since one of the primary objectives of this project is to identify the impacts of Central
American biomass burning particles on convection in the Southern Great Plains, the most
common biomass burning particle tracers in that region were identified. Southern Mexico
and the Yucatan Peninsula were the regions from which biomass burning particles were
most likely to come (Fig. 3.1). According to the Köppen climate classification system,
most of the landscape in this region of focus is savanna. Most of the biomass burning
taking place in Central America is performed to clear land for agricultural purposes
(Wang et al. 2009). Echalar et al. (1995) investigated the biomass burning particles
emitted from forest and savanna fires. It was found that the biomass burning particles
emitted from the two landscapes were different. In all the savanna landscapes that
Echalar et al. (1995) examined, a similar pattern was observed with all the biomass
burning particles enriched in fine potassium, fine zinc, and bromine with organic carbon
being the predominant chemical produced. The chemicals produced from savanna
landscape were used as the predominant aerosol tracers of biomass burning in the
Southern Great Plains. One limiting factor of this method, however, is that chemical
characteristics of particles may be different if the emission is from a different vegetation
source.
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II. Savanna Biomass Burning Concentration Climatology, Storm Identification Days,
and Bootstrapping Technique

Two sites in western Oklahoma were used to produce the savanna biomass burning
particle (hereafter biomass burning particle) climatology (Fig. 3.2): Wichita Mountains
(located in Comanche County, southwestern Oklahoma) and Ellis (located in Ellis
County, northwest Oklahoma). The aerosol data were obtained from the Federal Land
Manager Environmental Database (FED). Organic carbon, fine potassium, fine zinc, and
bromine were the chemicals used to construct an eleven-year climatology (2002-2012) of
the biomass burning particle concentrations. The aerosol data and particles species were
collected using measurements from the Interagency Monitoring of Protected Visual
Environments (IMPROVE). Fine bromine, potassium, and zinc measurements were taken
using a special sampler used in the IMPROVE network, module A (IMPROVE, 2006).
Organic carbon measurements were taken using another special sampler, module C
(IMPROVE, 1995). An average concentration of each of the biomass burning particles in
western Oklahoma was obtained for each of the days there were data (every three days)
using both sites. Once prevalence of each of the biomass burning particles was identified
for each day, days were classified into high (upper 30%), medium (middle 40%), and low
(lowest 30%) biomass burning particle concentration for each of the particles. Days were
only included in the ‘high’ category if at least 3 out of the 4 tracers were in the top 30%;
only in the ‘medium’ category if at least 3 out of the 4 tracers were in the middle 40%;
and only in the ‘low’ category if at least 3 out of the 4 tracers were in the lowest 30%.
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Only March through June was considered since this is climatologically the convective
season in the Southern Great Plains. It was found that there were 92 high biomass
burning concentration days, 72 medium biomass burning concentration days, and 55 low
biomass burning concentration days.
From the subset of days on which aerosol data were available, days when severe
weather occurred in the study area (western Oklahoma Fig. 3.2) were identified. Hail and
wind were the primary severe weather modes examined as they were more common.
Storm reports were obtained from the National Climatic Data Center (NCDC), which
records data on storms that produce reports of severe-criteria hail or wind. The NCDC
database records the type of weather hazard (e.g., thunderstorm wind, hail, tornadoes)
along with the intensity, time, and county of occurrence. In January 2010, the National
Weather Service changed the severe hail size threshold from 0.75 to 1.00 inch, so 1.00
inch was used as the threshold for severe hail for all years considered for this climatology
while a wind speed threshold of 50 kts was used for severe wind.
To provide evidence that a change in the distribution of hail size and wind speed may
be a function of aerosol concentration, days with similar thermodynamic and kinematic
environments were examined and chosen as case study days. The thermodynamic
parameters chosen were surface-based convective available potential energy (CAPE) and
100 mb mixed-layer CAPE, which measures the mean CAPE available to air parcels in
the lowest 100 mb. The kinematic parameter chosen was 0-6 km shear. The combination
of CAPE and deep-layer shear aid in assessing updraft strength. Stronger updrafts contain
higher supersaturation, leading to more rapid droplet growth. These parameters were
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interpolated using archive maps obtained from the Storm Prediction Center (SPC)
mesoanalysis. One limiting factor of this method is that storm type (e.g., supercell,
multicell, squall line) is not taken into account though two different storm mode could
develop in a similar thermodynamic and kinematic environment, the distribution of hail
size and surface wind speed could vary between them. After performing this analysis, the
number of days in which storm reports were examined between each aerosol
concentration category was substantially reduced. There were 14 days in the high aerosol
category, 10 days in the medium aerosol category, and 8 days in the low aerosol category.
As a result of the substantial reduction in the number of days analyzed for each aerosol
concentration category, the sample hail size and wind speed were limited. To produce a
large enough sample size from the available data, the bootstrapping technique was
applied. This method was first introduced by Efron (1979) and has been widely used
since. The idea behind bootstrapping is to take a sample of data, which in this case is hail
size and wind speed values, and to randomly sample these values with replacement. To
get a large enough sample size, the bootstrap was applied 1000 times to all the sample
hail sizes and wind speeds in each aerosol category.

III. Synoptic Patterns and Parcel Trajectories during Days of Different Aerosol
Concentration

Since it has been shown that certain synoptic patterns are more favorable than others
for transport of biomass burning particles from Central America to the Southern Great
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Plains (Wang et al. 2009), a detailed compositing of synoptic patterns near the surface
was undertaken during all the days of the different aerosol concentrations. Mid-level
tropospheric synoptic pattern composites (e.g. 500 hPa) were also obtained to aid in the
explanation of the surface pattern.
To provide evidence that the high concentration of biomass burning particles seen on
specific days in the Southern Great Plains originated from the known source region in
Central America, air parcels on the different case study days obtained were tracked using
the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model operated
by the Air Resources Laboratory. This model incorporates the North American Regional
Reanalysis (NARR) to compute forward and backward trajectories of air parcels at a
given location and height for a given time. The trajectories display parcel position every
6 hours. The starting position incorporated into the model was 35°N latitude and 99°W
longitude (Fig. 3.2), which is within the region of study. Air parcels were tracked at 100
m and 300 m above ground level to examine whether the trajectories observed were
consistent with the synoptic pattern. A backward parcel trajectory up to 96 hours (4 days)
was initialized within the model to examine where parcels originated, as it was a
sufficient time period to analyze the source region.

IV. Polarmetric Radar Variables Used to Infer Thunderstorm Microphysics

Another primary objective of this study is to identify microphysical differences in
thunderstorms between days of different aerosol concentration. Microphysical differences
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between thunderstorms can be inferred using polarimetric radar data. Dual polarization
radars emit and receive electromagnetic radiation with both horizontal and vertical
polarization. As of 2013, most of the Weather Surveillance Radar-1988 Doppler (WSR88D) radars around the U.S. had been upgraded to dual polarization capability.
A hypothesis from much prior research is that higher aerosol concentration produces
smaller cloud droplets within developing clouds, delaying the warm rain process and
aiding in convective invigoration. Two sets of case studies using polarimetric radar data
will be examined to test if an altered drop size distribution (DSD) is seen. Due to the
recent upgrade of polarimetric radar and only having aerosol data up to 2012, there are
very few days of different aerosol concentration and storm occurrence. This limited the
amount of cases to analyze. Two polarimetric variables that will be used to examine the
storm microphysics between days of different aerosol concentration are differential
reflectivity (ZDR) and copolar cross-correlation coefficient (ρhv). Since S-band radar is not
capable of examining cloud droplet size particles, raindrop particle size will need to be
measured. With small cloud droplets, coalescence efficiency will be small and therefore it
will take longer for a raindrop particle to grow to a larger size (Rosenfeld, 1999). As a
result, cloud droplet size can be inferred by examining raindrop size. ZDR is a measure
comparing the horizontally-polarized return signal to the vertically-polarized return
signal and is defined as:
ZDR = 10log10(Zh/Zv)

(1)
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where Zh is the horizontal power return and Zv is the vertical power return. Therefore, ZDR
gives an estimate of the oblateness of hydrometers in a given sample volume. Drop
oblateness increases with increasing raindrop diameter (Beard et al. 1989). ρhv is a
measure of the correlation between the horizontally and vertically returned power signals
and is defined as:

where Shh is the amplitude of the co-polarized pulse in the horizontal and Svv is the
amplitude of the co-polarized pulse in the vertical within a sample volume; the first and
second subscripts respectively identify the polarization of the backscattered and incident
fields. Therefore, ρhv can be useful for identifying whether there is a uniform DSD or if
there is a mixture of droplet sizes or particle phases within a given sample volume. ρhv
can provide additional insight, along with ZDR, of the hydrometer size distribution within
a sample volume. Since high CCN concentration results in small drops, a clear
polarimetric signature should be evident. High CCN concentration should result in ZDR
values between 0-1 dB and ρhv values close to 1 (Straka et al. 2000).
The first two cases examined were thunderstorms in the High Plains region near the
Cheyenne, Wyoming radar (KCYS) on 15 June and 21 June 2013. 21 June was a high
aerosol day compared to 15 June. The other cases examined were thunderstorms on 24
May 2011 in the range of the Vance Air Force Base radar (KVNX) in northwestern
Oklahoma and 10 May 2010 near the Norman, Oklahoma radar (KOUN). 24 May 2011
was a high aerosol day compared to 10 May, 2010. The aerosol data were obtained from
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the Environmental Protection Agency (EPA). PM2.5 and PM10 were the particulates
used to measure the aerosol concentration on each of the case study days.
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Figure 3.1: The region of Central America favored for biomass burning particles
origination.
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Ellis County

Wichita Mountains

Figure 3.2: Area of study (red shaded counties in western OK) with Ellis County and
Wichita Mountains representing sites from which aerosol data were obtained. The square
represents the approximate start location of the backward parcel trajectory using the
HYSPLIT model.
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4. Distribution of Hail Size and Surface Wind Speed as a Function of
Aerosol Concentration

The hail and surface wind speed reports from the region of study in western Oklahoma
were compared for the different aerosol concentration categories to examine if a trend
was apparent. Figures 4.1a and 4.1b show the distribution of hail size and surface wind
speed respectively from the severe weather reports, using the NCDC data source for
several aerosol concentration categories after applying the bootstrapping technique. It
was found that the distribution shifts towards larger hail size and higher wind speeds with
higher aerosol concentration. This was a statistically significant (p<0.001) result,
suggesting that aerosols may have played a role in altering the storm microphysics,
possibly increasing updraft and downdraft strength.
Many have hypothesized that greater aerosol concentration leads to smaller cloud
droplets, delaying the warm rain process and allowing more cloud water to be transported
vertically to form a higher number concentration of liquid droplets and ice crystals aloft
(Rosenfeld 1999; Andreae et al. 2004; Lin et al. 2006; Yuan et al. 2011; Rosenfeld and
Bell 2011). With a higher number concentration of liquid droplets and ice crystals aloft,
latent heat release and updraft strength are enhanced. This enhancement of the updraft
may explain why larger hail size was more common with higher aerosol concentration.
Since there is also greater sublimation of ice and evaporation of droplets given a nonsaturated environment, downdraft strength is also increased (Khain et al. 2005). This
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increase in the downdraft strength may explain why stronger surface winds were more
common with higher aerosol concentration.
Even though the case study days were chosen based on similar thermodynamic and
kinematic environments, this does not take into account storm type (e.g., supercell,
multicell, and squall line). As mentioned, storm type could have a significant influence
on the behavior of hail size and surface wind speed. The number of storm reports was
limited by the limited number of days for each aerosol concentration category. Even
though the bootstrap technique was applied to reduce the impact of limited data, inclusion
of additional storm reports would lead to a more robust result.
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Distribution of Hail Size as a Function
of Aerosol Concentration
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Figure 4.1: Distribution of (a) hail size and (b) surface wind speed using bootstrapping
technique. Low, medium, and high denote aerosol concentration, as defined in the
Methodology.
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5. Synoptic Regimes and Parcel Path Trajectories during Different
Aerosol Concentration Categories
a) Synoptic Regimes during Different Aerosol Concentration Categories

The composite surface and 500 hPa flow patterns were analyzed for all high, medium,
and low aerosol concentration days. Examining the sea-level pressure map for low
aerosol days, the area of lowest pressure was located in southern Illinois (Fig. 5.1a). This
allowed the flow in the Central Plains to be northerly (Fig. 5.2a). The position of the
surface pressure pattern, however, significantly changed for medium aerosol days. The
area of lowest pressure was farther west, extending from the central to southern High
Plains (Fig. 5.1b). This configuration allowed the flow to be southerly (Fig. 5.2b),
resulting in flow originating more from the western Gulf of Mexico and Yucatan
Peninsula region. This pattern would be conducive for greater transport of biomass
burning particles from the Yucatan Peninsula into the Southern Plains, especially within
the planetary boundary layer (e.g., Wang et al. 2009). The same configuration was
observed with high aerosol days, with the area of lowest pressure confined to the
southern High Plains. Lower pressures, however, were observed during high aerosol days
as the composite surface pressure was approximately 2-3 hPa lower compared to medium
aerosol days (Fig. 5.1c). This produced a difference in the surface wind flow
configuration between medium and high aerosol days. Even though the composite wind
speed was similar (5-7 ms-1), the distribution of the wind speed was different. During
medium aerosol days, the maximum in the composite surface wind speed was confined to
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the western Gulf of Mexico into southern Texas (Fig. 5.2b). During high aerosol days, the
maximum in the composite surface wind speed extended farther north into southwestern
Oklahoma (Fig. 5.2c). The stronger flow extending farther north would be more
conducive for flow originating from the western Gulf of Mexico and the Yucatan
Peninsula to be advected farther north.
The composite sea-level pressure pattern observed during the different aerosol
concentration days can be attributed to the synoptic regime at 500 hPa. During low
aerosol days, the 500 hPa trough axis was located from the Central Plains into the
Midwest (Fig 5.3a). This forced the location of the surface cyclone to be farther east into
Illinois, therefore forcing the surface flow to be northerly across most of the Central
Plains. During medium and high aerosol days, however, the 500 hPa trough axis was
located farther west into California and Nevada (Fig. 5.3b-c). This forced the surface
cyclone to be located farther west over the central and southern High Plains. The 500 hPa
composite wind flow was stronger on high aerosol days compared to medium aerosol
days (Fig. 5.4b-c). The stronger flow was most likely a result of the greater amplitude of
the height pattern (Fig. 5.3c). The stronger flow observed at 500 hPa may partially
explain the stronger surface cyclone observed during high aerosol days compared to
medium aerosol days due to possibly stronger divergence created.
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b) Parcel Path Trajectories Common During Different Aerosol Concentration
Categories

Using the HYSPLIT model, backward parcel trajectories at 2 and 4 days prior to the
aerosol observation day were performed to examine origin regions (Fig. 5.5). During low
aerosol days there was a significant clustering of parcels in the north region at 2 days
prior (Fig 5.6a). On approximately 34% of days, parcels originated from this region
(Table 5.1). This occurred at both 100 m and 300 m. At 4 days prior to a low aerosol day,
there was not a clear region as to where parcels were clustered (Fig 5.6b). This may have
occurred as parcels at 100 m and 300 m were farther separated from each other. Despite
the lack of clustering, on approximately 41% and 37% of days parcels at 100 m and 300
m respectively originated from the north region (Table 5.1). This was consistent with the
observed composite surface wind flow during low aerosol days as the flow was northerly.
During medium aerosol days, there were noticeable differences in the parcel location
compared to low aerosol days (Fig. 5.7). At 2 days prior, there was a significant
clustering of parcels in the western Gulf of Mexico region (Fig. 5.7a). On approximately
34% of the medium aerosol days parcels at 100 m originated from this region (Table 5.1).
This is consistent with the observed composite surface wind flow during medium aerosol
days as the flow was southerly. At 4 days prior, there was not a clear region as to where
parcels originated as a result of the greater separation of parcels at 100 m and 300 m (Fig.
5.7b). Despite the lack of clustering, on approximately 33% of the days at both the 100 m
and 300 m levels, parcels originated from the north region (Table 5.1).
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During high aerosol days, there was a more noticeable clustering of parcel origination
points at both 2 and 4 days prior. At 2 days prior, there was a significant clustering of
parcels in the western Gulf of Mexico region (Fig 5.8a). On approximately 30% of days,
parcels originated from this region at both 100 m and 300 m (Table 5.1). At 4 days prior,
a significant clustering of parcels was still evident in the western Gulf of Mexico region
(Fig. 5.8b), with a higher percentages of parcels originating from the Yucatan
Peninsula/western Caribbean region (Table 5.1). These observed trajectories at 2 to 4
days prior at both 100 m and 300 m is consistent with the observed composite southerly
wind flow.
When comparing the parcel path trajectories between each of the different aerosol
concentration categories, it is evident that there are more instances in which parcels
originate from the north region during low aerosol days while originating from the
western Gulf of Mexico region during medium and high aerosol days. This is consistent
with the composite surface wind flow pattern observed for all three concentration
categories. Even though there are more cases in which parcels originate from the Yucatan
Peninsula/western Caribbean region during high aerosol days, this does not represent a
high percentage of days in this category. Even though wildfires can occur in other
regions, the biomass burning characteristics were identified based on the savanna
landscape that composes most of southern Mexico and the Yucatan Peninsula, making
this a limitation of this study. A complicating factor was the parcel path trajectories
during the days prior to the aerosol observation days were both ascending and descending
to different height levels. The wind direction could vary at these different height levels
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that parcels traversed, significantly influencing path trajectories. Another complicating
factor was that even though the 100 m and 300 m levels are very close to each other, the
parcels at each level were more widely separated at 4 days prior to the aerosol
observation day. This raises uncertainty in the path trajectories the farther in time
backward trajectories are performed.

34

a)

b)

c)
Figure 5.1: Sea-level surface composite for all: a) low aerosol days, b) medium aerosol
days, and c) high aerosol days. The color fill represents sea-level pressure in hPa.
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a)

b)

c)
Figure 5.2: Surface wind flow composite for all: a) low aerosol days, b) medium aerosol
days, and c) high aerosol days. The color fill represents wind speed in ms-1.
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a)

b)

c)
Figure 5.3: 500 hPa geopotential height composite for all: a) low aerosol days, b) medium
aerosol days, and c) high aerosol days. The color fill represent geopotential height in
meters.

37

a)

b)

c)
Figure 5.4: 500 hPa wind flow composite for all: a) low aerosol days, b) medium aerosol
days, and c) high aerosol days. The color fill represents wind speed in ms-1.
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Figure 5.5: Parcel path trajectory location regions
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a)

b)
Figure 5.6: Locations of parcels along backward trajectories at 100 m and 300 m for all
low aerosol days at: a) 2 days prior and b) 4 days prior to the observation day. The black
dot denotes the location at which the backward trajectory was initialized.
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a)

b)
Figure 5.7: As in Figure 5.6, except for all medium aerosol days.
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a)

b)
Figure 5.8: As in Figure 5.7, except for all high aerosol days.
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Average parcel location on low aerosol days
2 days

North

West and
Southwest

100 m
300 m
4 days

34%
34%
North

21%
24%
West and
Southwest

100 m
300 m

41%
37%

22%
27%

OK
and
TX
15%
13%
OK
and
TX
0%
2%

East

4%
2%
East

9%
7%

Western
Gulf of
Mexico
22%
20%
Western
Gulf of
Mexico
4%
0%

Eastern
Gulf of
Mexico
4%
7%
Eastern
Gulf of
Mexico
24%
22%

Yucatan Peninsula
and Western
Caribbean
0%
0%
Yucatan Peninsula
and Western
Caribbean
0%
5%

Average parcel location on medium aerosol days
2 days

North

West and
Southwest

OK
and
TX

East

Western
Gulf of
Mexico

Eastern
Gulf of
Mexico

Yucatan Peninsula
and Western
Caribbean

100 m
300 m
4 days

22%
22%
North

14%
22%
West and
Southwest

8%
17%
East

100 m
300 m

33%
33%

19%
26%

17%
7%
OK
and
TX
3%
1%

34%
25%
Western
Gulf of
Mexico
8%
6%

4%
4%
Eastern
Gulf of
Mexico
17%
17%

1%
3%
Yucatan Peninsula
and Western
Caribbean
1%
6%

Western
Gulf of
Mexico
33%
36%
Western
Gulf of
Mexico
17%
14%

Eastern
Gulf of
Mexico
0%
0%
Eastern
Gulf of
Mexico
14%
13%

Yucatan Peninsula
and Western
Caribbean
3%
3%
Yucatan Peninsula
and Western
Caribbean
7%
8%

19%
11%

Average parcel location on high aerosol days
2 days

North

West and
Southwest

100 m
300 m
4 days

25%
24%
North

11%
15%
West and
Southwest

100 m
300 m

33%
28%

17%
22%

OK
and
TX
25%
16%
OK
and
TX
4%
5%

East

3%
6%
East

8%
10%

Table 5.1: Average parcel locations (percentage) during low, medium, and high aerosol
days at 100 m and 300 m above ground level at 2 and 4 days prior. The highlighted cells
denote where parcel location at a particular level was >10% difference from the other
locations.
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6. Microphysical Differences in Thunderstorms from Days with
Different Aerosol Concentrations
a) June 15th vs June 21st, 2013 High Plains Case Study Days

Figures 6.1a and 6.2b show the concentration of particulate matter of 2.5 micrometers
in diameter or less (PM2.5) and particulate matter of 10 micrometers in diameter or less
(PM10) respectively for Laramie County, Wyoming, for 15 and 21 June, 2013. Based on
the figures, 21 June had approximately a 50% increase in PM2.5 concentration and
approximately a 175% increase in PM10 concentration compared to 15 June. This
suggests that higher CCN concentration was present on 21 June (Twomey 1974). The 300
mb flow over the region of convection on 15 June was southwesterly at approximately 55
kts and southwesterly between 50-60 kts on 21 June (Fig. 6.2). Both days had 500 mb
winds from the southwest at approximately 30-40 kts (Fig. 6.3). The 0-6 km shear was
around 50 kts on 15 June and between 40-50 kts on 21 June (Fig. 6.4). The main
difference between the two days was the thermodynamic environment. The mixed-layer
CAPE (MLCAPE) on 15 June was between 1000-1500 Jkg-1 while on 21 June it was
between 2000-3000 Jkg-1 (Fig. 6.5). In an environment with higher instability updraft
strength will be greater and depending on the vapor field within the updraft, a faster
development of larger drops could occur. This should result in higher ZDR values. Given
that 21 June 2013 had a higher CCN concentration, it is possible that the higher CAPE
could mask some of the hypothesized signal in the drop size.
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Figure 6.6a shows the radar reflectivity image at 2001 UTC on 21 June. At this time a
thunderstorm was developing just east of the Nebraska-Wyoming border. According to
the vertical cross section of reflectivity, reflectivity values barely reached 30 dBZ
anywhere in the developing storm (Fig. 6.6b). The vertical cross-section of differential
reflectivity (ZDR) shows that most of the developing storm had ZDR values between 0 and
1 dB, indicating that small droplets were dominant at this time (Straka et al. 2000) (Fig.
6.6c). The vertical cross-section of correlation coefficient (ρhv) shows that most of the
developing cloud had ρhv values close to 1, indicating a uniform droplet size distribution
(Straka et al. 2000) (Fig. 6.6d).
At 2020 UTC, the thunderstorm continued to intensify as reflectivity values were
approaching 40 dBZ (Fig. 6.7a-b). Examining the vertical cross section of ZDR, values
remained between 0 and 1 dB through most of the lower levels of the cloud, indicating
that mostly small liquid droplets were present (Fig. 6.7c). This slowed collision
coalescence process and therefore delayed the formation of larger droplets. The vertical
cross-section of correlation coefficient shows that ρhv values were close to 1, indicating a
continued uniform droplet size distribution (Fig. 6.7d).
On 15 June, characterized by a lower aerosol concentration, there were differences in
the polarimetric radar data compared to 21 June. At 2150 UTC, a thunderstorm was
developing northwest of Cheyenne, Wyoming, with reflectivity values over 40 dBZ (Fig.
6.8a-b). A vertical cross-section of ZDR shows that unlike the 21 June storm in which ZDR
values were low (0-1 dB), there were higher ZDR values (greater than 1 dB; Fig. 6.8c) at
the same height level of 1500 m (solid line in Fig 6.7c and Fig. 6.8c). ZDR was collocated
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with reflectivity values greater than 40 dBZ and ρhv values near one (Fig. 6.8d), indicating
that larger droplets were present during the developing stages of the storm (Straka et al.
2000).
At 2220 UTC reflectivity values were over 50 dBZ, especially along the western
sector of the west-east vertical cross-section of reflectivity (Fig. 6.9b). At this point,
small hail may have been falling along the same location, as there was a collocation of
over 50 dBZ with low ZDR values of 0-1 dB and ρhv values slightly below 0.98 (Fig. 6.9cd). Along the eastern edge of the cross-section, there were locations where ZDR values
were above 2 dB. When this was collocated with reflectivity values over 40 dBZ and ρ hv
values near 1, larger droplets were indicated.

b) May 10th 2010 vs. May 24th 2011 Western Oklahoma Case Study Days

Figures 6.10a and 6.10b show the PM2.5 and PM10 concentrations respectively for
Caddo County, Oklahoma for 10 May 2010 and 24 May 2011. Caddo County, OK was
the site chosen to measure these particle concentrations as storms occurred near this
location on days. According to the figures, 24 May 2011 had approximately a 230%
increase in PM2.5 concentration and approximately a 150% increase in PM10
concentration compared to 10 May 2010. The 300 mb flow over the region of convection
on 10 May 2010 and 24 May 2011 was from the southwest between 70-80 kts and around
70 kts respectively (Fig. 6.11). At 500 mb, a strong trough was affecting the Central
Plains on both days with 70 kts of west-southwest flow on 10 May 2010 and 50 kts of
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southwest flow on 24 May 2011 (Fig. 6.12). The 0-6 km bulk shear on 10 May 2010 was
between 70-80 kts while on 24 May 2011 it was between 40-50 kts (Fig. 6.13). The
thermodynamic environment was similar as the MLCAPE on 24 May 2011 was
approximately 4000 Jkg-1 while on 10 May 2010 it was approximately 3000 Jkg-1 (Fig.
6.14). In the stronger sheared environment, the updraft strength will be stronger as it is
tilted farther away from the region of precipitation loading. Depending on the vapor field
within the updraft, faster development of larger drops could occur, resulting in higher ZDR
values. Though the shear was stronger on 10 May, the limited number of dual-pol cases
precludes obtaining a more similar comparison.
Figure 6.15a shows the radar reflectivity image of a thunderstorm developing in
Custer County, OK at 1852 UTC on 24 May 2011. The vertical cross-section of
reflectivity shows reflectivity values mostly over 40 dBZ with some areas over 50 dBZ
(Fig. 6.15b). Examining the vertical cross-section of differential reflectivity, most of the
lower levels of the developing storm had ZDR values of 0 to 1 dB (Fig. 6.15c). Collocated
with the low ZDR values were ρhv values near 1 (Fig. 6.15d). There is, however, a corridor
of high ZDR values (greater than 3 dB) associated with the developing updraft. At this
early stage of the storm lifecycle, most of the cloud is composed of updrafts. Surrounding
the main updraft are weaker updrafts, which will have lower supersaturation. This will
produce a smaller droplet growth rate. Prior studies have looked at all portions of the
developing convection with reflectivity values >20 dBZ, not just the strongest updraft
region, to access the DSD (May et al. 2011). The surrounding weaker updrafts along with
the low ZDR values and high ρhv values were indications that locations surrounding the

47

main updraft had a high concentration of small droplets at this stage of the storm life
cycle.
10 May 2010, as mentioned, had lower aerosol concentration compared to 24 May
2011. There were also microphysical differences in the storms that developed this day
compared to 24 May 2011. Figure 6.16a shows the radar reflectivity image of a
developing thunderstorm in Grady County, Oklahoma at 2250 UTC at approximately 1.5
km above ground level. Reflectivity values were over 50 dBZ along the northwest flank.
Along the same location, ZDR values were over 3 dB and ρhv values were near 1 (Fig.
6.16b and Fig. 6.16c). Unlike the 24 May 2011 case when there was a small area of ZDR
values over 3 dB, the 10 May 2010 storm had a significantly larger area of ZDR values
over 3 dB. This suggests that larger droplets were predominant through most of the lower
levels of the storm.
Both High Plains and Oklahoma case studies exhibited the same polarimetric radar
patterns. On 21 June 2013 (High Plains case study day) and 24 May 2011 (Oklahoma
case study day), small droplets were evident through most of the storm's lifecycle. On 15
June 2013 (High Plains case study day) and 10 May 2010 (Oklahoma case study day),
larger droplets were more evident through most of the storm's lifecycle. Both 21 June
2013 and 24 May 2011 were days with higher aerosol concentration compared to 15 June
2013 and 10 May 2010. Smaller droplets being more evident on the high aerosol days is
indicative that small cloud droplets were present. This is consistent with the findings of
Rosenfeld (1999) and May et al. (2011) of smoke-filled clouds having a higher
concentration of smaller droplets. On 21 June 2013, the first radar echoes appeared with
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cloud top height at approximately 10.5 km while on 15 June 2013 the first radar echoes
appeared with a lower cloud top height, approximately 9 km. This is consistent with the
findings of Battan and Braham (1956) in that the radar echoes first appeared in a low
CCN environment with tops as low as 2000 m, whereas radar echoes first appeared in a
higher CCN environment with substantially higher cloud tops.
The differences observed in the polarimetric data when comparing days with different
aerosol concentration suggest that aerosols may have played an important role in altering
storm microphysics, however, the effects may have been more noticeable during the High
Plains cases than the Oklahoma cases due to differing environmental parameters. The
High Plains cases had similar shear, but different MLCAPE. 21 June 2013 (the high
aerosol day) had higher instability compared to 15 June 2013, suggesting a stronger
updraft was present. 21 June 2013 had higher dewpoints, 13-15°C, compared to 7°C on
15 June 2013. The combination of higher dewpoints and stronger updrafts would suggest
a faster development of larger drops should have occurred on 21 June 2013. This effect,
however, was not observed through most of the developing stages of the storm lifecycle
as small droplets were predominant due to low ZDR values. This suggests of a significant
aerosol effect on 21 June 2013. Even though smaller droplets were observed on 24 May
2011 compared to 10 May 2010, suggestive of an aerosol effect, the kinematic
environment was significantly different. The kinematic environment could have had a
more significant impact than aerosols did in altering the storm microphysics as a result of
the updraft strength being altered, which could affect the development rate of larger
drops. This uncertainty presents a limitation of the polarimetric analysis due to the very
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limited number of cases available as a result of the recent upgrade to polarimetric
capability on all WSR-88D radars.
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21 June

15 June

a)

21 June

15 June

b)
Figure 6.1: a) PM2.5 concentration for Laramie County, WY for 15 June and 21 June
2013 and b) PM10 concentration for Laramie Country, WY, for 15 June and 21 June
2013
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a)

b)

Figure 6.2: 300 mb flow for- a) 15 June and b) 21 June. The oval indicates the
approximate location storms developed on each day.

a)

b)

Figure 6.3: As in figure 6.2, except for the 500 mb flow
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a)

b)

Figure 6.4: 0-6 km bulk shear for- a) 15 June and b) 21 June. The oval indicates the
approximate location storms developed on each day.

a)

b)

Figure 6.5: MLCAPE for- a) 15 June and b) 21 June. The oval indicates the approximate
b)
location storms developed on each day.
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a)

b)

c)

d)

Figure 6.6: a) Reflectivity image at 2001 UTC on 21 June 2013 with the solid line denoting the
cross-section location; b) vertical cross-section of reflectivity; c) vertical cross-section of
differential reflectivity; and d) vertical cross-section of correlation coefficient. The horizontal
lines in the cross-section represent height intervals of every 10,000ft.
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a)

b)

c)

d)

Figure 6.7: Same as in figure 6.6 but at 2020 UTC on 21 June 2013. The solid line panel c
denotes the approximate location of the 1500 m height level.
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a)

c)

b)

d)

Figure 6.8: a) Reflectivity image at 2150 UTC on 15 June 2013 with the solid line denoting the
cross-section location; b) vertical cross-section of reflectivity; c) vertical cross-section of
differential reflectivity; and d) vertical cross-section of correlation coefficient. The horizontal
lines in the cross-section represent height intervals of every 3000 m. The solid line in panel c
denotes the approximate location of the 1500 m height level.
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a)

b)

c)

d)

Figure 6.9: Same as figure 6.8 but at 2220 UTC on 15 June 2013.
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24 May, 2011

10 May, 2010

a)

24 May, 2011

10 May, 2010

b)
Figure 6.10: a) PM2.5 concentration for Caddo County, OK for 10 May 2010 and 24 May 2011;
and b) PM10 concentration for Caddo County, OK for 10 May 2010 and 24 May 2011
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a)

b)

Figure 6.11: 300 mb flow for- a) 10 May 2010 and b) 24 May 2011. The oval indicates
the approximate location storms developed on each day.

a)

b)

Figure 6.12: As in figure 6.14, except for the 500 mb flow.
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a)

b)

Figure 6.13: 0-6 km bulk shear for- a) 10 May 2010 and b) 24 May 2011. The oval
indicates the approximate location storms developed on each day.

a)

b)

Figure 6.14: MLCAPE for- a) 10 May 2010 and b) 24 May 2011. The oval indicates the
approximate location storms developed on each day.
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a)

b)

c)

d)

Figure 6.15: a) Reflectivity image at 1852 UTC on 24 May 2011 with the solid line denoting the
cross-section location; b) vertical cross-section of reflectivity; c) vertical cross-section of
differential reflectivity; and d) vertical cross-section of correlation coefficient. The horizontal
lines in the cross-section represent height intervals of every 3000 m.

61

a)

e)

b)

c)

Figure 6.16: a) Reflectivity image at 2250 UTC on 10 May 2010 at approximately 1.5 km above
b) differential reflectivity at approximately 1.5 km above surface and c) correlation coefficient at
approximately 1.5 km above surface. The 1.5 km elevation applies to the encircled area.
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7. Conclusions

In this study, we have presented a preliminary observational study of the effects of
aerosols on convection over the Great Plains of the United States as we seek to provide
evidence for or against an aerosol impact on convection. This was accomplished using
storm reports and polarimetric radar data. Some of the primary conclusions reached are:
A.

A new method was developed to identify the relative concentration of biomass
burning particles. Using the bootstrapping technique to reduce the effects of a
limited storm reports sample size, statistically significant larger hail size and
stronger surface wind speeds were found with higher aerosol concentration
(p<0.001). The results suggest that aerosols may have an impact on convective
intensity. The first limitation is only having eleven years of aerosol data, with
aerosol measurements 3 days apart. This limited data produced a small sample
size of storm reports within each aerosol concentration category, as the number of
days in each aerosol concentration category was substantially reduced. Another
limitation is that despite considering only the days with similar thermodynamic
and kinematic environments, storm type (e.g., supercell, multicell, squall line)
was not taken into account when constructing the distribution of hail size and
wind speed as a function of aerosol concentration. Storm mode could have a
significant impact on the behavior of hail size and wind speed as a function of
aerosol concentration. Future work should examine how updraft and downdraft
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strength change in similar storm types between days of different aerosol
concentration. This would provide further insight into how the strength of
different storm hazards (e.g., hail size, damaging winds, and tornado winds)
would change.

B.

A composite synoptic regime was obtained for each aerosol concentration
category at the surface and 500 hPa. At the surface, northerly winds were
common during low aerosol days along the Central Plains as the composite low
pressure center was located farther east, into Illinois. Southerly winds originating
from the Yucatan Peninsula and western Gulf of Mexico were more common
during medium and high aerosol days across the Central Plains as the composite
low pressure center was located farther west, into the central and southern High
Plains. Even though the magnitude and direction of the composite surface flow
was similar between medium and high aerosol days, the maximum in the
composite surface flow extended further north during high aerosol days. This was
most likely as a result of a stronger surface low observed on high aerosol days.
The stronger surface low observed on high aerosol days may have been as a result
of a greater amplification of the 500 hPa trough.

C.

4-day backward parcel path trajectories were obtained for all days for each
aerosol concentration category. Parcels were analyzed at 100 m and 300 m,
corresponding to the flow near the surface. The path location was examined 2 and
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4 days prior to the aerosol observation day. It was found that during low aerosol
days, parcels originated from the north region. On medium and high aerosol days,
parcels more often originated from the western Gulf of Mexico. Even though
there were more cases in which parcels originate from the Yucatan
Peninsula/western Caribbean region during high aerosol days, this does not
represent a high percentage of days in this category. The limitation illustrated by
this observation that all the biomass burning characteristics were identified for the
savanna landscape that composes most of southern Mexico and the Yucatan
Peninsula. Smoke from wildfires, however, can be advected from other regions
such as northwestern Mexico or the Desert Southwest. The smoke characteristics
from these other regions may be slightly different due to a different vegetation
community producing the smoke. A complicating factor was that parcels during
the days prior to the aerosol observation day examined were ascending and
descending to different vertical levels. The wind direction could vary at these
different height levels, significantly influencing parcel trajectory. Another
complicating factor is that even though the 100 m and 300 m level are close to
each other, parcels at each of these levels were more widely separated from each
other at 4 days prior to the aerosol observation day. This raises uncertainty in the
parcel trajectory the further back in time the backward trajectories are performed.

D.

Polarimetric radar data was used to examine differences in inferred
thunderstorm microphysics between days of different aerosol concentrations for
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High Plains and Oklahoma storms. It was found that during the higher aerosol
days for both regions, differential reflectivity was lower and correlation
coefficient was higher, suggesting the presence of a larger concentration of
smaller droplets. It was also found, however, that there may have been more of an
aerosol effect on the High Plains cases than in the Oklahoma cases due to
different environmental conditions. Future work should compare additional
polarimetric radar data between days of different aerosol concentration with
similar environmental parameters to make this part of the study more robust, since
it was limited by the small number of available cases due to the recent
polarimetric upgrade on all WSR-88D radars.
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